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OPTICAL ELEMENT, MANUFACTURING 
METHOD THEREOF, AND OPTICAL DEVICE 

CROSS-REFERENCE TO THE RELATED 
APPLICATION 

This is a divisional of application Ser. No. 11/098,002 ?led 
Mar. 31, 2005, the entire contents of Which are incorporated 
by reference. This application also claims bene?t of priority 
under 35 U.S.C. § 119 to Japanese Patent Application No. 
2004-105891 ?led Mar. 31, 2004, the entire contents of Which 
are incorporated by reference. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to an optical element Which 

realiZes various optical effects by forming a photoinduced 
refractive-index changing region at a predetermined position 
of a light guide, a method thereof, and an optical device 
mounted With the same optical element. For the optical ele 
ment, various optical elements such as an optical ?ber, an 
optical integrated circuit, and a simple lens can be mentioned. 

2. Description of the Prior Art 
An optical element for realiZing various optical effects is 

formed by forming, in a core or light guide of an optical ?ber 
to propagate light signals, functional components such as a 
lens, a mirror, a diffraction grating, and a polariZer to control 
physical properties of light. An optical element is fabricated 
by mounting this optical element on an optical substrate or the 
like. On the other hand, phenomena have been con?rmed 
such that, by irradiating a focused pulse laser light With a 
femtosecond-order (10'12 to 10'15 seconds) pulse Width onto 
the inside of a transparent material such as glass, conditions 
of an atomic arrangement, a valence, an atomic defect and the 
like in the vicinity of a light focusing portion are changed, and 
refractive index is made higher than that of a portion Which 
has not irradiated With the pulse laser light or a region Where 
refractive index is periodically modulated is formed in the 
vicinity of a light focusing portion as a result of interference 
of the pulse laser light With plasma generated in the vicinity of 
the light focusing portion, and these have been called a pho 
toinduced change in refractive index, a nano-grating forma 
tion or the like. 

In the present speci?cation, the above-described grating 
formation is also considered as a mode of change in refractive 
index, and these phenomena such as a change in refractive 
index and a nano -grating formation Will be generally referred 
to as “photoinduced refractive-index change.” 

The foregoing optical element is generally formed by cou 
pling separately prepared functional components such as a 
lens, a mirror, and a diffraction grating to an optical substrate, 
hoWever, since the functional components are complicated in 
structure and also large in siZe, there is a problem such that the 
optical element itself is increased in siZe. 

Furthermore, for manufacturing the optical element, a step 
for manufacturing an optical substrate, a step for manufac 
turing functional components such as a lens, a mirror, and a 
diffraction grating, and a step for mounting these functional 
components on the optical substrate are necessary, therefore, 
manufacturing processes are complicated, and the manufac 
turing cost is also increased. 

In addition, even When coupling of the functional compo 
nents to an optical ?ber is intended, since the core diameter of 
the optical ?ber is small, high-precision processing is di?i 
cult, and the manufacturing cost is increased. 
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2 
Therefore, it is an object of the present invention to provide 

a small-siZed and easily-manufacturable optical element on 
Which functional components such as a lens, a mirror, and a 
diffraction grating can be integrally formed and Which can 
realiZe a variety of optical effects. 

Moreover, it is an object of the present invention to provide 
a method for manufacturing an optical element Whereby a 
small-siZed optical element can be simply and sWiftly manu 
factured by integrally forming functional components such as 
a lens, a mirror, and a diffraction grating after an optical 
substrate manufacturing step. 

Furthermore, it is an object of the present invention to 
provide an optical device mounted With the above-described 
optical element. 

SUMMARY OF THE INVENTION 

An optical element of the present invention is characterized 
in that a photoinduced refractive-index changing region 
Which is formed by irradiating While a focused pulse laser 
light having an energy amount to cause a photoinduced 
change in refractive index in said optical element. 

For such an optical element With a photoinduced refrac 
tive-index changing region formed, since the photoinduced 
refractive-index changing region is formed by a simple step of 
a focusing irradiation of pulse laser light, in comparison With 
external equipment of various functional components such as 
a lens and a diffraction grating, manufacturing is easy and 
moreover, a small-siZed optical element can be realiZed. 

It is most e?icient, in realiZing optical functions, to form 
the photoinduced refractive-index changing region in a light 
guide through Which light propagates. 

For example, the photoinduced refractive-index changing 
region is formed at a light incident end portion, light exiting 
end portion, or middle portion of the light guide or at a 
boundary betWeen the light guide and a peripheral portion 
thereof. By forming the photoinduced refractive-index 
changing region at the light incident end portion or light 
exiting end portion of the light guide, at the light inputting/ 
outputting time of the optical element, a light signal inputting/ 
outputting function When externally taking in light or exter 
nally taking out light can be realiZed. In addition, by forming 
the photoinduced refractive-index changing region at the 
middle portion of the light guide, a light signal processing 
function inside the optical element can be easily realiZed. In 
addition, if the photoinduced refractive-index changing 
region is formed at the boundary betWeen the light guide and 
peripheral portion thereof, it becomes possible to easily per 
form a light signal inputting/ outputting process When taking 
in light from or taking out light of another internal or external 
light guide of the optical element. 

In addition, for a simple lens, a simple prism or the like, a 
plurality of photoinduced refractive-index changing regions 
are preferably formed inside the optical element. 
The photoinduced refractive-index changing region can 

realiZe a light focusing function to focus light propagating 
through the light guide, a refracting function to refract light 
propagating through the light guide, a re?ecting function to 
re?ect light propagating through the light guide, an optical 
diffracting function to diffract light propagating through the 
light guide, an optical attenuating function to attenuate light 
propagating through the light guide, a Wavelength ?lter func 
tion to select a light With a speci?c Wavelength propagating 
through the light guide, a polariZing function to transmit a 
light in a speci?c polariZing direction propagating through 
the light guide or the like. 
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By the light focusing function, a function similar to that 
When a lens is attached to an optical element can be provided. 
Namely, an e?icient optical coupling becomes possible in the 
light guide or With another optical element. 
By the refracting function or re?ecting function, a function 

similar to that When a prism or mirror is attached to an optical 
element can be provided. For example, it becomes possible to 
easily perform a light path conversion inside the optical ele 
ment, Whereby a reduction in size of the optical element can 
be realized. 

By the optical diffracting function, similar to When a dif 
fraction grating is attached to an optical element, it becomes 
possible to easily re?ect or refract light With a speci?c Wave 
length. Accordingly, light path division according to the 
Wavelength can be performed in the optical element, Whereby 
a function as a small-sized spectroscope can be realized. 

By the optical attenuating function, similar to When an 
optical attenuating ?lter is attached to an optical element, it 
becomes possible to easily perform a signal processing of 
light. 
By the Wavelength ?lter function, similar to When a Wave 

length ?lter is attached to an optical element, it becomes 
possible to easily perform a color signal processing of light. 
By the polarizing function, similar to When an optical 

polarizer is attached to an optical element, it becomes pos 
sible to easily perform a light signal processing based on 
polarization. 

The optical element may be either an optical ?ber or an 
optical substrate Wherein a light guide has been formed in a 
speci?c shape. The latter optical substrate With a speci?c 
shaped light guide is used for an optical integrated circuit or 
the like. As the speci?c-shaped optical substrate, a buried or 
protruded light guide formed on an optical substrate or a 
tWo-dimensionally expanding plate-like light guide formed 
on an optical substrate can be mentioned. 

The light guide may be branched on the optical substrate or 
inside the optical substrate. By forming a photoinduced 
refractive-index changing region in such a branched light 
guide, for optical coupling or optical branching, a large vari 
ety of functions can be added. The refractive-index changing 
region can be formed at a light guide after branching or at a 
branching portion of a branched light guide. 

In addition, if modulating electrodes are formed on a light 
guide, various types of light signal processes such as optical 
sWitching and optical modulation can be performed. By form 
ing a photoinduced refractive-index changing region, a large 
variety of functions can be added to such light signal pro 
cesses. 

In addition, When the optical element of the present inven 
tion is an optical ?ber, a plurality of optical ?bers each pro 
vided With a photoinduced refractive-index changing region 
formed at a core end portion thereof can be arranged While 
making their end portions in contact With a re?ecting mem 
ber. This is an advantageous construction When reducing the 
optical element in size by use of a refracting/re?ecting func 
tion of a photoinduced refractive-index changing region. For 
example, if a polarization-plane rotating element is coupled 
betWeen the end portions of the plurality of optical ?bers, the 
plane of polarization of optical ?bers can be easily changed. 
When the photoinduced refractive-index changing region 

exists at a middle portion of a light guide, another optical 
element can be connected to the position, in the light guide, 
Where the photoinduced refractive-index changing region has 
been formed. By use of functions such as light focusing and 
refraction/re?ection by the photoinduced refractive-index 
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4 
changing region, it can be easily performed to take out light 
halfWay through the light guide or introduce light halfWay 
through the light guide. 

In addition, as an example When a photoinduced refractive 
index changing region exists inside the optical element, a lens 
such as a spherical lens or an aspherical lens can be men 

tioned. In this case, by utilizing the optical diffracting func 
tion, Wavelength ?lter function, polarizing function and the 
like by the photoinduced refractive-index changing region, 
lenses having these functions can be realized. 

A method for manufacturing an optical element of the 
present invention is characterized in the steps of preparing an 
optical substrate made of an inorganic material, an organic 
material, or a crystalline material shoWing an electro-optic 
effect and forming a photoinduced refractive-index changing 
region by irradiating While focusing a pulse laser light having 
an energy amount to cause a photoinduced change in refrac 
tive index onto the optical substrate. 

For an optical element manufactured by this method, 
refractive index is changed or high-refractive index planes 
and loW-refractive index planes alternatively appear at prede 
termined pitches. By utilizing these various optical functions 
of a photoinduced refractive-index changing region, a small 
sized multifunctional optical element as described above can 
be fabricated. 

In order to form a photoinduced refractive-index changing 
region, it is preferable that the pulse laser light has a pulse 
Width of 10'12 to 10'15 seconds, Which are the order of so 
called femtoseconds. 

In addition, in order to form an effective photoinduced 
refractive-index changing region, it is preferable that the 
pulse laser light to be focused onto the light guide has a poWer 
density of IOSW/cm2 or more, a pulse repetition frequency of 
100 MHz or less, and pulse energy of 0.1 uJ/pulse to 10 
uJ/pulse. Here, the pulse of a pulse laser light may be a single 
pulse. 

According to the method for manufacturing an optical 
element of the present invention, by irradiating While focus 
ing a pulse laser light onto an optical element or by utilizing 
interference of the pulse laser light With plasma generated 
inside the light focusing position, an optical element Wherein 
a photoinduced refractive-index changing region has been 
formed can be simply manufactured by only irradiating a 
pulse laser light Without going through complicated steps. 
An optical device of the present invention is characterized 

in mounting the aforementioned optical element With a pho 
toinduced refractive-index changing region on the device. By 
making use of small-sized easily-manufacturable features of 
this optical element, an optical device Which as a Whole is 
small-sized and loW in cost can be manufactured. An optical 
device mounted With this optical element is used in the ?eld 
of, for example, optical communications, optical information 
processing, optical information recording and the like. 
As in the above, according to the present invention, by 

integrally forming a photoinduced refractive-index changing 
region in an optical element, various effects such as a reduc 
tion in the number of components and size of the optical 
element, simpli?cation in fabrication processes including 
optical axis alignment, and a reduction in manufacturing cost 
can be expected. 

The aforementioned or other further advantages, features, 
and effects of the present invention Will become more appar 
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ent by the following description of embodiments With refer 
ence to the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1A is a vieW showing a structure of an optical element 
Wherein a photoinduced refractive-index changing region 3 
of a lens, a mirror, a diffraction grating and the like has been 
integrally formed at an end portion of an optical ?ber light 
guide 2; 

FIG. 1B to FIG. 1D shoW cases Where an optical element 
has a structure Wherein a light guide has been formed on an 

optical substrate; 
FIG. IE is a sectional vieW shoWing a condition Wherein a 

pulse laser light 4 is being irradiated, While being focused 
through a focusing element 5 such as a lens, onto an end 
portion of a light guide 2; 

FIG. 2A is a vieW shoWing an optical element Wherein a 
photoinduced refractive-index changing region 3 of a lens, a 
mirror, a diffraction grating and the like has been integrally 
formed at a middle portion of an optical ?ber light guide 2; 

FIG. 2B to FIG. 2D shoW cases Where an optical element 
has a structure Wherein a light guide 2 has been formed on an 
optical substrate 1; 

FIG. 2E is a sectional vieW shoWing a condition Wherein a 
pulse laser light 4 is being irradiated, While being focused 
through a focusing element 5 such as a lens, onto a middle 
portion of a light guide 2; 

FIG. 3A is a vieW shoWing an optical element Wherein a 
photoinduced refractive-index changing region 3 has been 
integrally formed at a boundary portion betWeen an optical 
?ber light guide 2 and a clad 1; 

FIG. 3B to FIG. 3D shoW cases Where an optical element 
has a structure Wherein a light guide 2 has been formed on an 
optical substrate 1; 

FIG. 3E is a sectional vieW shoWing a condition Wherein a 
pulse laser light 4 is being irradiated, While being focused 
through a focusing element 5 such as a lens, onto a boundary 
portion betWeen a light guide 2 and a clad 1; 

FIG. 4A is a vieW shoWing an optical element Which is 
functioned as a lens by irradiating While focusing a pulse laser 
light onto an output end portion of an optical modulator to 
raise re?ectance; 

FIG. 4B is a vieW shoWing an optical element Which is 
functioned as a lens by irradiating While focusing a pulse laser 
light onto an output end portion of an optical sWitch element 
to raise re?ectance; 

FIG. 5A is a sectional vieW shoWing a structure of a polar 
iZation controlling optical element Wherein the end faces of 
tWo optical ?bers have been vertically cut and made to contact 
With a re?ecting plate, and an optical isolator 36 has been 
buried betWeen both optical ?ber end portions; 

FIG. 5B is a sectional vieW shoWing a structure of a con 
ventional polarizing control optical element; 

FIG. 6A is a sectional vieW shoWing a structure of an 
optical attenuator Which has been provided With an optical 
attenuating function by forming a photoinduced refractive 
index changing region 52 at a middle portion of an optical 
?ber light guide 51; 

FIG. 6B shoWs a case Where an optical element has a 
structure Wherein a light guide 54 has been formed on an 
optical substrate 53 made of silica glass; 

FIG. 7 is a plan vieW shoWing an optical element branching 
from a single light guide on an optical substrate 60, Which is 
a plan vieW shoWing a structure Wherein a photoinduced 
refractive-index changing region 62 Which functions as a 

20 

25 

30 

35 

40 

50 

55 

60 

65 

6 
diffraction grating has been integrally formed by irradiating a 
pulse laser light onto a light guide branching portion of an 
optical element; 

FIG. 8A and FIG. 8B are vieWs shoWing a polariZer-inte 
grated optical element Wherein a photoinduced refractive 
index changing region 72 Which functions as a polariZer has 
been formed at a light guide middle portion by irradiating 
While focusing a pulse laser light With a femtosecond-order 
pulse Width onto a light guide 71 of an optical element, 
Wherein FIG. 8A shoWs a case Where the optical element is an 
optical ?ber and FIG. 8B shoWs a case Where the optical 
element has a structure Wherein a light guide 74 has been 
formed on an optical substrate 73 made of silica glass; 

FIG. 9 is a vieW shoWing an optical element Wherein a 
photoinduced refractive-index changing region 93 has been 
formed by irradiating While focusing a pulse laser light With 
a femtosecond-order pulse Width onto a boundary portion 
betWeen a light guide 91 of the optical element and a clad 90; 

FIG. 10 is a vieW shoWing an optical element Wherein a 
photoinduced refractive-index changing region 103 has been 
formed by irradiating While focusing a pulse laser light With 
a femtosecond-order pulse Width onto a boundary portion 
betWeen a light guide 101 of the optical element and a clad 
100; 

FIG. 11 is a perspective vieW of an optical element Wherein 
a photoinduced refractive-index changing region 113 has 
been formed by irradiating While focusing a pulse laser light 
With a femtosecond-order pulse Width onto a boundary por 
tion betWeen a light guide 111 of the optical element and a 
clad 110; 

FIG. 12 is a perspective vieW of an optical element Wherein 
a photoinduced refractive-index changing region 123 has 
been formed by irradiating While focusing a pulse laser light 
With a femtosecond-order pulse Width onto a boundary por 
tion betWeen a light guide 121 of the optical element and a 
clad 120; 

FIG. 13A and FIG. 13B shoW an optical element having a 
tWo-dimensionally expanding plate-like light guide 133 and 
clads 134, Wherein FIG. 13A shoWs a perspective vieW of the 
optical element and FIG. 13B shoWs a horizontal sectional 
vieW including the plate-like optical element light guide 133; 
and 

FIG. 14A and FIG. 14B are side vieWs shoWing an optical 
element Wherein a plurality of polariZers 141 or 143 have 
been respectively formed by irradiating While focusing a 
pulse laser light With a femtosecond-order pulse Width onto 
the inside of a spherical lens 140 or ball lens 142, Wherein 
FIG. 14A shoWs a case of a spherical lens and FIG. 14B shoWs 
a case ofa ball lens. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

FIG. 1A to FIG. 1E are vieWs shoWing structures of an 
optical element Wherein a photoinduced refractive-index 
changing region 3 having a function of a lens, a mirror, a 
diffraction grating and the like has been integrally formed at 
an end portion of an optical ?ber light guide 2, Which is a part 
through Which light propagates inside the optical element. 

FIG. 1A shoWs a case Where the optical element is an 
optical ?ber having a core 2, and FIG. 1B to FIG. 1D shoW 
cases Where the optical element is composed of an optical 
substrate 1 on Which a light guide 2 has been formed. FIG. 1B 
shoWs a case Where the light guide 2 has been formed in a 
manner buried inside the optical substrate 1, FIG. 1C shoWs a 
case Where the light guide 2 has been formed in a manner 
protruded on the surface of the optical substrate 1, and FIG. 
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1D shows a case Where the light guide 2 has been formed in a 
manner buried in the surface of the optical substrate 1. 

In the present embodiment, for the optical ?ber, a commer 
cially-available SiO2 optical ?ber is used, and for the light 
guide 2 on the optical substrate 1, a light guide for Which 
GeO2 has been doped in a light guide portion of a SiO2 optical 
substrate 1 is used. The optical ?ber may be either a single 
mode or a multi mode (the same applies in the folloWing.) 

FIG. IE is a sectional vieW shoWing a condition Wherein a 
pulse laser light 4 With a femtosecond-order pulse Width is 
being irradiated, While being focused through a focusing 
element 5 such as a lens, onto an end portion of a light guide 
2. By irradiating the pulse laser light 4 through the focusing 
element 5 onto the end portion of the light guide 2, a phenom 
enon of photoinduced refractive-index change is raised, thus 
a photoinduced refractive-index changing region 3 having 
various optical functions such as a lens, a mirror, and a dif 
fraction grating is formed at the end portion of the light guide 
2. 

Here, With regard to the size of the photoinduced refrac 
tive-index changing region 3, this can be provided Within the 
light guide 2 by regulating conditions such as pulse energy 
and irradiation time of a pulse laser light to be irradiated. 

According to the present embodiment, by forming a pho 
toinduced refractive-index changing region at an end portion 
of an optical ?ber or a light guide on an optical substrate, 
various functions such as a lens function for focusing light, a 
mirror function for changing the light propagating direction, 
an optical attenuator function for changing the light intensity, 
a Wavelength ?lter function for ?ltering a speci?c Wavelength 
of light, and a polarizing function for transmitting light in a 
speci?c polarizing direction can be provided for an optical 
element. 

FIG. 2A to FIG. 2E shoW structures of an optical element 
Wherein a photoinduced refractive-index changing region has 
been integrally formed at a middle portion of a light guide of 
the optical element. 

FIG. 2A shoWs a case Where the optical element is an 
optical ?ber, and FIG. 2B to FIG. 2D shoW cases Where the 
optical element is composed of an optical substrate 1 on 
Which a light guide 2 has been formed. FIG. 2B shoWs a case 
Where the light guide 2 has been formed in a manner buried 
inside the optical substrate 1, FIG. 2C shoWs a case Where the 
light guide 2 has been formed in a manner protruded on the 
surface of the optical substrate 1, and FIG. 2D shoWs a case 
Where the light guide 2 has been formed in a manner buried in 
the surface of the optical substrate 1. 

In the present embodiment, similar to the embodiment of 
FIG. 1A to FIG. 1E, for the optical ?ber, a commercially 
available SiO2 optical ?ber is used, and for the light guide 2 on 
the optical substrate 1, a light guide for Which GeO2 has been 
doped in a light guide portion of an SiO2 optical substrate is 
used. 

FIG. 2E shoWs a condition Wherein, by irradiating, While 
focusing through a focusing element 5 such as a lens, a pulse 
laser light 4 With a femtosecond-order pulse Width onto a 
middle portion of a light guide 2, a photoinduced refractive 
index changing region 3 having various optical functions 
such as a lens, a mirror, and a diffraction grating has been 
formed at a middle portion of the light guide of the optical 
element. 

Here, similar to the aforementioned embodiment, With 
regard to the size of the photoinduced refractive-index chang 
ing region 3, this can be ?tted to the light guide size by 
regulating conditions such as pulse energy and irradiation 
time of a pulse laser light to be irradiated. 
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According to the present embodiment, by forming a pho 

toinduced refractive-index changing region at a middle por 
tion of an optical ?ber or a light guide on an optical substrate, 
various functions such as a lens function for focusing light, a 
mirror function for changing the light propagating direction, 
a diffraction grating function for spectroscopy, an optical 
attenuator function for changing the light intensity, a Wave 
length ?lter function for ?ltering a speci?c Wavelength of 
light, and a polarizing function for transmitting light in a 
speci?c polarizing direction can be provided for an optical 
element. 

FIG. 3A to FIG. 3E shoW structures of an optical element 
Wherein a photoinduced refractive-index changing region has 
been integrally formed at a boundary portion betWeen a light 
guide of the optical element and an optical substrate part 
(referred to as a clad) surrounding the same. 

FIG. 3A shoWs a case Where the optical element is an 
optical ?ber, and FIG. 3B to FIG. 3D shoW cases Where the 
optical element is composed of an optical substrate 1 on 
Which a light guide 2 has been formed. FIG. 3B shoWs a case 
Where the light guide 2 has been formed in a manner buried 
inside the optical substrate 1, FIG. 3C shoWs a case Where the 
light guide 2 has been formed in a manner protruded on the 
surface of the optical substrate 1, and FIG. 3D shoWs a case 
Where the light guide 2 has been formed in a manner buried in 
the surface of the optical substrate 1. 

In the present embodiment, similar to the embodiments of 
FIG. 1A to FIG. 1E and FIG. 2A to FIG. 2E, for the optical 
?ber, a commercially-available SiO2 optical ?ber is used, and 
for the light guide 2 on the optical substrate 1, a light guide for 
Which GeO2 has been doped in a light guide portion of an 
SiO2 optical substrate is used. 

FIG. 3E shoWs a condition Wherein, by irradiating, While 
focusing through a focusing element 5 such as a lens, a pulse 
laser light 4 With a femtosecond-order pulse Width onto a 
boundary portionbetWeen a light guide 2 and a clad surround 
ing the same, a photoinduced refractive-index changing 
region 3 having various optical functions such as a lens, a 
mirror, and a diffraction grating has been formed at the 
boundary portion betWeen the light guide 2 and a clad of the 
optical element. 

Here, similar to the aforementioned embodiments, With 
regard to the size of the photoinduced refractive-index chang 
ing region 3, this can be ?tted to the light guide size by 
regulating conditions such as pulse energy and irradiation 
time of a pulse laser light to be irradiated. 

According to the present embodiment, by forming a pho 
toinduced refractive-index changing region at a boundary 
portion betWeen an optical ?ber or a light guide on an optical 
substrate and a clad, various functions such as a lens function 
for focusing light, a mirror function for changing the light 
propagating direction, an optical attenuator function for 
changing the light intensity, a Wavelength ?lter function for 
?ltering a speci?c Wavelength of light, and a polarizing func 
tion for ?ltering light in a speci?c polarizing direction can be 
provided for an optical element. 

Next, constituent materials of an optical element according 
to an embodiment of the present invention Will be described. 

For the optical substrate, an inorganic material, an organic 
material, an anisotropic crystalline material shoWing an elec 
tro-optic effect or the like can be used. The above-mentioned 
inorganic material and organic material can be either an iso 
tropic material or an anisotropic material. 

For the inorganic material, for example, glass consisting 
mainly of SiO2 can be mentioned. 

In addition, for the organic material, polyethylene tereph 
thalate, polyacetal, polycarbonate, poly?uorocrbonate, 
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polyamide, polyimide, silicone, polyphenylene oxide, 
polysulfone, polyphenylene sul?de, polybutylene terephtha 
late, polyarylate, polyamideimide, polyethersulfone, pol 
yarylate, polyetherketone, polyetherimide, polymethyl meth 
acrylate, polyacrylate, crosslinked acrylate, polysiloxane, 
norbornene, an epoxy resin, a phenoxy resin, triacetylcellu 
lose, or ?uorine-denatured substances of these, or organic 
materials mixed With at least one or more of these can be 
mentioned. 

In addition, for the crystalline material showing an electro 
optic effect, for example, a [3-BaB2O4 crystal, a LiNbO3 crys 
tal, a LiTaO3 crystal, a KHZPO4 crystal, a Bi 1 2SiO2O crystal, a 
Bi4Ge3Ol2 crystal, or a quartz crystal can be mentioned. 

For the pulse laser light to be irradiated onto the optical 
element, a pulse laser light oscillating from an ultrashort 
pulse laser device such as a TizAl2O3 (titanium sapphire) laser 
is used. The Ti:Al2O3 laser oscillates, by its mode lock 
mechanism, a pulse light of femtosecond-order pulse Width 
(10'12 to 10'15 seconds) is irradiated. Although a pulse light 
Wavelength is variable (100 nm to 2000 nm), this is set to a 
Wavelength to alloW the pulse laser light to penetrate through 
the optical substrate (for example, 800 nm). 

The above-mentioned pulse laser light is focused by a 
focusing element and is regulated so that its light focal point 
is positioned in a light guide of the optical element through 
Which a light signal propagates. Concretely, the pulse laser 
light is regulated so that the light focal point is positioned, in 
FIG. 1C, at a light guide end portion, and in FIG. 2C, at a light 
guide middle portion, and in FIG. 3C, at a boundary portion 
betWeen the light guide and clad. 

Into this light focal point, a pulse laser light having a poWer 
density of l08W/cm2 or more is focused. Thereby, inside the 
light focal point, a phenomenon of photoinduced refractive 
index change is raised, and a region Which is higher in refrac 
tive index than the clad of the optical element is formed. 
Furthermore, if interference betWeen the laser light and 
plasma Which is raised at the light focal point occurs, a peri 
odic structure region Wherein hi gh-refractive-index changing 
regions and loW-refractive-index changing regions are repeat 
edly generated at pitches of 1 pm or less is formed. 

Although irradiation time is not limited, this is to be a time 
for Which a photoinduced refractive-index changing region to 
suf?ciently exhibit optical functions is formed. For example, 
this can extend for a feW seconds per one photoinduced 
refractive-index changing region. 

Here, the poWer density has a value expressed by dividing 
output poWer (W) expressed by “a peak value (J) of output 
energy/ a pulse Width (second)” per unit area of irradiation. If 
the poWer density is less than l08W/cm2, an effective change 
in refractive index or periodic structure may not be formed 
inside the light focusing position. The higher the pulse energy 
is, the greater the amount of change in refractive index 
becomes, and the clearer the repetition of the high-refractive 
index changing regions and loW-refractive-index changing 
regions becomes (a greater difference in refractive index.) 

HoWever, if a laser light With an excessive pulse energy 
amount is irradiated, a cavity defect is formed by a thermal 
effect at the light focusing position. Therefore, although this 
is different depending on the composition of the optical sub 
strate, poWer density of the pulse laser light is regulated by a 
repetition frequency so as not to exceed a threshold value at 
Which a cavity defect is formed. Concretely, While taking 
productivity into consideration, a possible loWer limit of the 
repetition frequency of the pulse laser light is set to 1 Hz, 
preferably, 10 kHZ, and more preferably, 100 kHZ, and a 
possible upper limit is set to 100 MHZ. Here, the above 
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10 
described pulse laser light may be a single-shot light pulse (a 
large number of frequency components are included in the 
single-shot light pulse.) 

For regulating the energy of pulse laser light to be betWeen 
a threshold value at Which a photoinduced refractive-index 
changing region is formed inside the light focusing position 
and a threshold value at Which a cavity defect is formed and 
furthermore, for forming a photoinduced refractive-index 
changing region With a large amount of change in refractive 
index or a photoinduced refractive-index changing region 
With excellent periodicity Whose periodic pitches are uniform 
and Whose principal planes are identical in Width and are, in 
directionality, regularly arranged in an identical direction, 
although this is different depending on the type of the optical 
substrate, it is desirable to regulate the energy per one pulse of 
a pulse laser light to be irradiated to be betWeen 0.1 uJ/pulse 
to 10 uJ/pulse. 
The intensity of the above-described laser light can be 

regulated by making the same pass through an ND ?lter or the 
like. 
A pulse laser light is focused by a focusing element such as 

a lens. The shape of a region having the above-described 
periodic structure is basically spherical. A pulse laser light 
having a pulse energy for Which the above-described photo 
induced refractive-index change is to be produced receives a 
spatial Kerr effect, Which is a three-dimensional nonlinear 
optical effect, during propagation through an optical sub 
strate, the shape of a light focusing position of the pulse laser 
light is desirably focused into a sphere, and the diameter of 
this sphere becomes in a range of 0.1 pm to 1 mm. 

Furthermore, for a polariZing direction of the above-de 
scribed pulse laser light, a linear polarization is preferably 
used. For this, a polariZing direction of the pulse laser light 
can be selected by making the same pass through a polariZing 
plate or the like. In addition a Wavelength of the above 
described pulse laser light can be converted by making the 
same pass through a nonlinear optical crystal generating 
higher harmonics. 
By irradiating While focusing a pulse laser light into a 

predetermined position of a light guide of an optical element 
While setting a polariZing direction, an intensity, and a Wave 
length of the pulse laser light as described above, a refractive 
index of the inside of a light focal point can be made higher 
than that of the surrounding light guide and clad, and a dif 
fraction grating Wherein high-refractive-index changing 
regions and loW-refractive-index changing regions are repeat 
edly generated can be formed at a predetermined position of 
a light guide of an optical element integrally With the optical 
element. 
As in the above, according to the present embodiment, as a 

result of the light focal point becoming higher in refractive 
index than of the surrounding clad, a function as a light 
focusing lens is provided. In addition, as a result of the for 
mation of a diffraction grating Wherein high-refractive-index 
changing regions and loW-refractive-index changing regions 
are repeatedly generated, functions as a re?ecting mirror, an 
optical attenuator, a Wavelength ?lter, and a polariZer are 
provided. 

Hereinafter, detailed embodiments Will be described based 
on examples. 

EXAMPLES 

Example 1 

FIG. 4A and FIG. 4B shoW structures of an optical element 
Wherein a photoinduced refractive-index changing region 12 
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has been formed at a light guide end portion of the optical 
element made of an optical crystal showing an electro-optic 
effect. As the optical crystal showing an electro-optic effect, 
although a LiNbO3 crystal has been used, this is not particu 
larly limited as long as it is a crystalline material showing an 
electro-optic effect. In addition, although a buried light guide 
has been used as a light guide 11 on an optical substrate 10, 
this may be a protruded light guide or the like as long as it is 
a light guide to propagate light. 

FIG. 4A is a plan view showing an example of an optical 
modulator. This optical modulator has a light guide 11 which 
is branched into two paths and merged halfway therethrough. 
For one of the branched light guide paths, modulating elec 
trodes 13 have been provided. 
An input light signal is separated into two paths halfway 

through the light guide 11, and one thereof is phase-modu 
lated by a voltage applied to the modulating electrodes 13. 
The light guide paths are then again merged into a single light 
guide, and at this time, intensity of the light signal is modu 
lated in accordance with a depth of the above-described phase 
modulation. 

Onto an end portion of the merged light guide, a pulse laser 
light with a femtosecond-order pulse width was irradiated 
while being focused to raise the refractive index, whereby a 
photoinduced refractive-index changing region 12 to function 
as a lens was formed. 

When a light signal was inputted into an optical modulator 
and an electric signal was inputted into the modulating elec 
trodes 13, the beam diameter of an output light signal could be 
expanded while a modulating function of light was main 
tained. 

FIG. 4B shows a plan view showing an example of an 
optical switch. This switch has two light guides 21 and 22, 
and in the two light guides 21 and 22, mutual interference 
regions are provided at two positions. At parts sandwiched 
between these mutual interference regions, modulating elec 
trodes 23 are provided. The modulating electrodes 23 apply, 
to the two light guides 21 and 22, a modulating voltage in 
mutually opposite phases. 

Onto output end portions of the respective light guides 21 
and 22, a pulse laser light with a femtosecond-order pulse 
width was irradiated while being focused in, for example, a 
vertical direction to the page surface to raise the refractive 
index, whereby a photoinduced refractive-index changing 
region 24 was formed. 
An input light signal which has been inputted into one light 

guide 22 is branched off, at the mutual interference region, 
into the other light guide 21, as well. The respective lights 
receive, by a voltage applied to the modulating electrodes 23, 
mutually opposite phase modulations (in a phase advancing 
direction and a delaying direction.) Thereafter, the light sig 
nals again interfere with each other at the mutual interference 
region, and at this time, depending on the voltage applied to 
the modulating electrodes 23, from which light guide 21 or 22 
light is outputted is determined. As such, an optical switch 
function can be obtained. 

In this optical switch element, a lens function could be 
provided while an optical switching function was maintained. 

According to the present example, by integrally forming a 
lens at a light guide end portion of a light guide in an optical 
modulator or an optical switch element, at the output end of 
the optical modulator or optical switch element, an improve 
ment in optical coupling ef?ciency with an optical ?ber or 
another optical element can be realiZed. In addition, regulat 
ing processes such as an optical axis regulation can be sim 
pli?ed, thus an effect such as a reduction in manufacturing 
cost can be expected. 
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Example 2 

FIG. 5A and FIG. 5B show sectional structures of polar 
iZation control optical elements for controlling a light signal, 
for which two optical ?bers 30a and 30b have been connected 
to an optical isolator 36 composed of two polariZers 34 and a 
Faraday rotator 35. 

FIG. 5A is a sectional view showing a structure of a polar 
iZation control optical element according to the present inven 
tion. End faces of two optical ?bers 30a and 30b are vertically 
cut and are made to contact with a re?ecting plate 33. 
Between end portions of both optical ?bers 30a and 30b, an 
optical isolator 36 buried in a re?ecting plate is arranged. A 
light propagating direction of the optical isolator 3 6 is vertical 
to a light propagating direction of the inside of the optical 
?bers 30a and 30b. Here, as a matter of course, polariZing 
directions of the two polariZers 34 are orthogonal to each 
other, and to the Faraday rotator 35 of the optical isolator 36, 
a magnetic ?eld is applied in a predetermined direction. 

FIG. 5B is a sectional view showing a structure of a con 
ventional polarization control optical element. In this struc 
ture, end faces of two optical ?bers 30a and 30b have been 
vertically cut, and therebetween, an optical isolator 36 has 
been inserted. A light propagating direction of the inside of 
the optical isolator 36 is identical to a light propagating direc 
tion of the inside of the optical ?bers 30a and 30b. 

Onto light guide end portions of the optical ?bers 30a and 
30b of FIG. 5A, a pulse laser light with a femtosecond-order 
pulse width was irradiated while being focused. The direction 
of irradiation was, for example, a vertical direction to the page 
surface. Thereby, refractive index of the irradiated portion 
was raised to form a photoinduced refractive-index changing 
region 32. This photoinduced refractive-index changing 
region 32 functions as a mirror or prism to re?ect light and 
bends the propagating direction of light at a right angle. When 
an input light signal whose polarizing direction had already 
been known was introduced into the optical ?ber 3011, a polar 
iZing direction of a light signal to be outputted from the 
optical ?ber 30b could be converted by the optical isolator 36 
and be outputted from the optical ?ber 30b. 

In the conventional art of FIG. 5B, since the optical ?bers 
30a and 30b are connected to both surfaces of the optical 
isolator 36 so that the propagating directions of light become 
identical, the propagating direction of a light signal has been 
a single direction, a distance between the light signal input 
end and output end has been long, and the siZe of the optical 
element has also been large. 

However, according to the present invention of FIG. 5A, by 
integrally forming the photoinduced refractive-index chang 
ing region 32 having a function as a mirror or prism at the light 
guide end portions of the optical ?bers 30a and 30b, bending 
the propagating direction of a light signal by 90° at the light 
guide end portions, connecting the light signal to the optical 
isolator 36, and further bending the same by 90° after output 
ting the same from the optical isolator 36, the input-output 
direction of the light signal can be bent over by 180°. Accord 
ingly, the input end and the output end of a light signal can be 
approximated, and the optical element can be reduced in siZe. 

Example 3 

FIG. 6A and FIG. 6B show sectional views of structures of 
optical attenuators wherein an optical attenuating function 
has been provided for a light guide by integrally forming a 
photoinduced refractive-index changing region(s) at a light 
guide middle portion of an optical element. 










